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FIELD OF THE INVENTION 

[000 1 ] The present invention relates to improvements in the stimulation of 
hydrocarbon production from subterranean formations. More particularly, the present 
invention relates to methods of acidizing subterranean formations to stimulate or increase 
hydrocarbon production. 

BACKGROUND OF THE INVENTION 

[0002] Generally, well treatments involve the injection of a fluid into an oil or 
gas formation to stimulate production from the well by increasing the permeability of the 
oil or gas through the formation. 

[0003] A widely used stimulation technique is acidizing, in which an aqueous 
acid treatment is introduced into the formation to dissolve acid-soluble materials that clog 
or constrict formation channels. In this way, hydrocarbon fluids can more easily flow 
from the formation into the well. Also, acid treatments facilitate the flow of injected 
treatment fluids from the well into the formation. 

[0004] Another common stimulation technique is hydraulic fracturing, in which 
a fracturing fluid is injected through a well into the surrounding formation at a sufficient 
pressure to fracture the formation adjacent to the well, creating a channel for fluid flow 
through the formation back to the well. Usually a particulate material, often referred to 
as a "proppant," is deposited into the fracture to help prop the fracture open for fluid flow 
back after the hydraulic pressure is released. 
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[0005] Acidizing techniques can be carried out as "matrix acidizing" procedures 

or as "acid fracturing" procedures. 

[0006] In matrix acidizing, the acidizing treatment fluid is injected from the well 
into the formation at a rate and pressure below the pressure sufficient to create a fracture 
in the formation. The acid permeates into channels undissolves materials that clog or 
constrict the channels, thereby increasing permeability of the formation. Thus, an 
increase in permeability is affected primarily by the reaction of the acid within the 
formation, and little or no permeability increase is due to induced fractures within the 
formation. 

[0007] In acid fracturing, an increase in permeability is affected by fractures as 
well as by the acid etching through the channels within the formation. The acidizing 
treatment fluid is injected into the well that is disposed within the formation to be 
fractured. Sufficient pressure is applied to the acidizing treatment fluid to cause 
production of one or more fractures in the formation. 

[0008] While hydrocarbon producing wells are usually completed in 
hydrocarbon-producing formations, the formations frequently contain layers of water- 
bearing sections or may be located adjacent to water-bearing sections. The high mobility 
of the water often allows it to flow into the wellbore by way of natural fractures and/or 
high permeability streaks present in the formation. Over the life of such wells, the ratio 
of water to hydrocarbons recovered often becomes so high that the cost of producing the 
water, separating it from the hydrocarbons, and disposing of the waste water represents a 

significant economic loss. 

[0009] Furthermore, when an acidizing treatment fluid is required to increase the 
productivity of a hydrocarbon-bearing interval, the aqueous fluid tends to predominately 
enter a water-bearing section instead of a hydrocarbon-bearing section. This is because 
the water-bearing section is relatively more permeable to the aqueous fluid than the 
hydrocarbon-bearing section. Thus, acid stimulation often results in increasing the water 
cut because of the preferential stimulation of the water-bearing section. 

[0010] The production of water with hydrocarbons, i.e., oil and/or gas, from 
wells constitutes a major problem and expense in the production of hydrocarbons from 
subterranean formations. The expense includes the energy in moving the water to the 
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surface, separating the water from the produced hydrocarbon, and disposing of the waste 
water. 

[00 1 1 ] A variety of techniques to divert the aqueous acidizing treatment fluid 
away from a water-bearing section and into a hydrocarbon-bearing section have been 
attempted. By injecting particulates, foams, or blocking polymers prior to or along with 
acidizing treatments, the water-bearing section is attempted to be plugged off. In this 
way, the acid treatment can predominantly enter and stimulate the hydrocarbon-bearing 
section rather than the water-bearing section. 

[00 1 2] While the use of these water-blocking techniques has achieved varying 
degrees of success, there are many challenges in their use. For example, the blocking 
polymers are injected into the formation and cross-linked to form stiff gels capable of 
stopping or reducing the flow of the undesired water. Even when a polymer solution is 
properly placed in a water-producing zone, however, the cross-linked gels formed often 
do not remain stable in the zone due to thermal degradation and/or differences in the 
adsorption characteristics of the polymer and associated cross-linker and the like. 

[0013] Furthermore, techniques geared toward injecting materials designed to 
plug off the water-bearing section are limited because many require expensive zonal 
isolation. Also, zonal isolation is sometimes inaccurate, which may lead to inadvertently 
plugging and damaging the hydrocarbon-bearing section. Damage to hydrocarbon- 
producing pathways is undesirable since it reduces well productivity and profitability. 
The desired end result is to reduce the effective permeability to water in the treated 
portion of the zone without loss of effective permeability to hydrocarbons. 

[0014] Recently, chemicals have been utilized to decrease the production of 
water with hydrocarbons. These chemicals are referred to as relative permeability 
modifiers ("RPMs"), sometimes referred to as disproportionate permeability reducers or 
selective plugging systems. An RPM polymer such as polyacrylamide is dissolved in 
water and pumped into a subterranean formation that produces water and hydrocarbon, 
reducing the permeability of water through the formation without substantially affecting 
the permeability of hydrocarbon. That is, water permeability modifying chemicals such 
as polyacrylamide have been introduced into hydrocarbon and water producing 
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formations so that the chemicals attach to adsorption sites on surfaces within the porosity 
of the formations. 

[0015] The presence of the RPM chemicals in the formations has the effect of 
reducing the flow of water through the formations. The purpose of water permeability 
modifying chemicals in hydrocarbon and water producing formations to decrease the 
production of water involves less risk than other techniques such as blocking the flow of 
water with cross-linked polymers, and has the advantage that they do not require 
expensive zonal isolation techniques. 

[0016] The use of such conventional water permeability modifying chemicals, 
e.g., polyacrylamides, however, has heretofore resulted in only small temporary 
reductions in water production and/or unacceptable levels of reduction in hydrocarbon 
production. Conventional RPM polymers have provided poor performance due to 
inadequate retention within the formation. Many of these conventional RPM water- 
control compounds are unstable in acids and heavy brines and/or they may degrade with 
increased temperature, rendering them useless in many downhole applications. 

[0017] Thus, there is a need for improved methods of treating subterranean 
formations to direct the acidizing treatment fluid away from the water-bearing section 
and into sections capable of producing hydrocarbon, while maintaining stability of such 
treatment fluid in the downhole acidizing environment. 

SUMMARY OF THE INVENTION 

[001 8] According to the invention, it is recognized that conventional RPM 
polymers, such as polyacrylamides, are formed of monomer units that are hydrophilic. 
The invention provides an aqueous well treatment fluid containing a hydrophobically- 
modified, water-soluble relative permeability modifier (sometimes referred to herein as 
"hydrophobically-modified RPM"). Such a hydrophobically-modified RPM can be used 
in an acidizing well-treatment process. 

[0019] According to a further aspect of the invention, the hydrophobically- 
modified RPM is preferably the reaction product of a hydrophilic polymer and a 
hydrophobic compound that are capable of reacting with each other. Hydrophilic 
polymers suitable for use in the invention are preferably polymers containing reactive 
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amino groups in the polymer backbone or as pendant groups, which are capable of 
reacting with a hydrophobic alkyl halide compound. Hydrophobic compounds that are 
capable of reacting with reactive amino groups include alkyl halides having an alkyl 
chain length of 6 to 22 carbons. Accordingly, as used herein, the term "hydrophobically 
modified" includes the quaternization of at least some of the amino groups of the 
hydrophilic polymer with an alkyl halide, wherein the alkyl chain length is 6 to 22 
carbons. 

[0020] According to yet a further aspect of the invention, the hydrophobically- 
modified RPM is preferably the reaction product of a hydrophilic polymer and a 
hydrophobic compound that are capable of reacting with each other, as described above, 
but the hydrophilic polymer and hydrophobic compound are mixed in-situ during a well 
stimulation process. In this aspect, the well-treatment solution further comprises a 
surfactant capable of promoting the dissolution of the hydrophobic compound within the 

aqueous solution. 

[0021] According to yet another further aspect of the invention, the 
hydrophobically-modified RPM polymer is preferably prepared from the polymerization 
reaction of at least one hydrophilic monomer and at least one hydrophobically-modified 

hydrophilic monomer. 

[0022] The current invention provides improved methods for stimulating or re- 
stimulating a hydrocarbon producing formation using an aqueous solution capable of 
reducing or precluding the production of water from a subterranean formation. The 
aqueous solution is preferably pumped into the wellbore prior to an acidizing treatment. 
Use of a pre-reacted hydrophobically-modified RPM in the solution eliminates the need 
for a surfactant in the well treatment solution and permits operation at a lower pH in the 

downhole environment. 

[0023] These and other aspects of the invention will be apparent to one skilled in 
the art upon reading the following detailed description. While the invention is 
susceptible to various modifications and alternative forms, specific embodiments thereof 
will be described in detail and shown by way of example. It should be understood, 
however, that it is not intended to limit the invention to the particular forms disclosed, 
but, on the contrary, the invention is to cover all modifications and alternatives falling 
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within the spirit and scope of the invention as expressed in the appended claim The 
compositions can comprise, consist essentially of, or consist of the stated materials. The 
method can comprise, consist essentially of, or consist of the stated steps with the stated 
materials. 

BRIEF DESCRIPTION OF THE DRAWING 

[0024] The accompanying views of the drawing are incorporated into and form a 
part of the specification to illustrate several aspects and examples of the present 
invention, wherein like reference numbers refer to like parts throughout the figures of the 
drawing. These figures together with the description serve to explain the general 
principles of the invention. The figures are only for the purpose of illustrating preferred 
and alternative examples of how the various aspects of the invention can be made and 
used and are not to be construed as limiting the invention to only the illustrated and 
described examples. The various advantages and features of the various aspects of the 
present invention will be apparent from a consideration of the drawings. 

[0025] Figure 1 is a parallel flow test schematic for testing core samples. 
[0026] Figure 2 is a control test showing effect of 5% HC1 acid treatment on 
sandstone water core (residual oil) and sandstone oil core (residual water). Note 
approximate 200% increase in permeability for both cores. The treatment sequence was 
in parallel flow using the setup shown in Figure 1. Treatment sequence was spacer-acid- 
spacer. 

[0027] Figure 3 is a test of the effect of hydrophobically-modified RPM ahead 
of 200 cc acid stimulation of sandstone cores. Hydrophobically-modified RPM diverted 
most of the acid away from the water core and into the oil core. Permeability of the 
water core was reduced to 3.5% of original while permeability of the oil core was 
increased same amount as the control (See Figure 2). The treatment sequence was in 
parallel flow using the setup shown in Figure 1. Treatment sequence was RPM-spacer- 
acid-spacer. 
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DETAILED DESCRIPTION 

[0028] The present invention provides a method of acidizing a subterranean 
formation penetrated by a well, the method comprising the steps of: (a) introducing into 
the formation an aqueous treatment fluid containing a hydrophobically-modified RPM; 
and (b) introducing an acidizing treatment fluid into the formation. 

[0029] The treatment solutions and methods of the present invention are 
applicable in both newly-drilled formations and in formations requiring re-stimulation. 
The solutions and methods of the present invention are particularly useful for formation 
re-stimulations where hydrocarbons will be present in the formation zones. In contrast to 
other permeability modification solutions, the current invention retains its effectiveness 
even in the presence of hydrocarbons. 

[0030] As used herein, "water soluble" is expressly defined to mean at least 0.01 
weight percent ("wt%") soluble in distilled water. 

[003 1 ] A molecule (e.g., a polymer) can have a hydrophilic part or monomer and 
a hydrophobic part or monomer. As used herein, a molecule as a whole is considered 
hydrophilic when it is water soluble. 

[0032] As used herein, a relative permeability modifier or "RPM" is expressly 
defined to be a polymeric material that, when tested in an aqueous fluid, the polymeric 
material is capable of imparting a resistance factor for water greater than a resistance 
factor for hydrocarbon. This is typically measured using a sandstone core of about 2.5 
cm diameter by about 14 cm long and having an initial permeability to brine of about 
1000 md. Resistance factor is calculated by dividing the initial permeability to brine (or 
hydrocarbon) by the permeability to brine (or hydrocarbon) after the RPM treatment. 
Preferably, the RPM is capable of being dissolved in water at a concentration of at least 
0.2% by weight and when tested at that concentration is capable of imparting a resistance 
factor for water of greater than about 3 and a resistance factor for hydrocarbon of less 
than about 2. 

[0033] It is to be understood that the hydrophobically-modified RPM polymer 
can be pre-reacted before it is used in a well treatment process or it can be formed in situ 
by appropriate reaction during the process, in which case a surfactant can be used to 
dissolve the hydrophobic compound in the treatment solution. 
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[0034] The water utilized to form the aqueous solutions and in the methods 
according to this invention can be fresh water, salt water, sea water, brine, or any other 
aqueous liquid which does not adversely react with other components of the treating 
fluid. The water used in well treating fluids normally contains one or more salts for 
inhibiting the swelling of clays in the subterranean formations or zones being treated or to 
weight the treating fluid. The most common clay-inhibiting salt utilized is potassium 
chloride, but other salts can also be used. 

[0035] As used in the present invention, the term "water-bearing section" of a 
subterranean formation refers to any portion of the formation that is capable of producing 
water. Accordingly, the term "water-bearing section" includes a hydrocarbon-bearing 
section that has sufficiently high water saturation such that water can be produced with 
hydrocarbon. 

[0036] The aqueous treatment fluid according to the invention can be introduced 
into the formation prior to, simultaneously with, and/or after the acidizing treatment fluid. 
Most preferably, however, the treatment fluid is introduced into the formation before 
and/or simultaneously with the acidizing treatment fluid. When introduced 
simultaneously with the acidizing treatment fluid, a hydrophobically-modified RPM can 
be mixed with the acidizing treatment fluid. 

[0037] According to a further aspect of the invention, the hydrophobically- 
modified RPM is preferably the reaction product of a hydrophilic polymer and a 
hydrophobic compound that are capable of reacting with each other. Hydrophilic 
polymers suitable for use in the aqueous solutions of the invention are preferably 
polymers containing reactive amino groups in the polymer backbone or as pendant 
groups, which are capable of reacting with hydrophobic alkyl halide compounds. 
[0038]' More preferably, the hydrophilic polymer contains dialkyl amino pendant groups. 
Most preferably, the hydrophilic polymer contains a dimethyl amino pendant group and 
contains at least one monomer selected from dimethylaminoethyl methacrylate 
("DMAEMA") or dimethylaminopropyl methacrylamide. Suitable hydrophilic polymers 
include homo-, co-, or terpolymers. Examples of such reactive hydrophilic polymers 
include but are not limited to polyethyleneimine, polyvinylamine, poly(vinylamine/vinyl 
alcohol), chitosan, polylysine, and alkyl acrylate polymers in general. Additional 
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examples of alkyl acrylate polymers include but are not limited to 

polydimethylaminoethyl methacrylate, polydimethylaminopropyl methacrylamide, 

poly(acrylamide/dimethylaminoethylmethacrylate), 

poly(acrylic acid/dimethylaminoethyl methacrylate), 

poly(methacrylic acid/dimethylaminoethyl methacrylate), 

poly(acrylamide/dimethylaminopropyl methacrylamide), 

poly(acrylic acid/dimethylaminopropyl methacrylamide), and 

poly(methacrylic acid/dimethylaminopropyl methacrylamide). The presently most 

preferred hydrophilic polymers are polydimethylaminoethyl methacrylate and 

polydimethylaminopropyl methacrylamide. 

[0039] Hydrophobic compounds that are capable of reacting with amino groups 
include alkyl halides having an alkyl chain length of 6 to 22 carbons. Accordingly, as 
used herein, the term "hydrophobically modified" includes the quaternization of at least 
some of the hydrophilic polymer amino groups with an alkyl halide, wherein the alkyl 
chain length is 6 to 22 carbons. 

[0040] The reaction of the hydrophilic polymer and hydrophobic compound 
yields a hydrophobically-modified RPM, i.e. a hydrophobically-modified, water-soluble, 
relative permeability modifier. Typically, the resulting polymers have molecular weights 
in the range of about 250,000 to about 3,000,000. 

[0041] Following preparation of the hydrophobically-modified RPM, the 
hydrophobically-modified RPM is dissolved in an aqueous solution. Typically, the 
hydrophobically-modified RPM is present in a concentration from about 0.02% to about 
3% by weight. Preferably, the hydrophobically-modified RPM is present in a 
concentration from about 0.05% to about 1% by weight. Water suitable for use in this 
embodiment of the current invention is defined above. 

[0042] A well treatment solution comprising the pre-reacted hydrophobically- 
modified RPM can be adjusted to a pH more suited to the environment of the formation. 
Typically, the pH of the well treatment solution comprising the pre-reacted 
hydrophobically-modified RPM will be between about 4 and about 8, unless mixed with 
an acidizing treatment fluid. 
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[0043] The aqueous solutions according to the present invention may also contain 
other well treatment compounds such as but not necessarily limited to clay stabilizers, 
scale inhibitors, and corrosion inhibitors. For example, the aqueous solution may also 
contain salts suitable for inhibiting the swelling of clays. 

[0044] Additionally, gelling agents, such as the galactomannan gelling agents 
described below may be used, preferably in amounts ranging from about 0.06% to about 
0.72% by weight. Preferably, the concentration of the galactomannan gelling agent will 
be in the range of about 0.12% to about 0.36% by weight with the most preferred 
concentration being about 0.30% by weight. 

[0045] Further, the solution may optionally contain any suitable proppant known 

to those skilled in the art. 

[0046] According to yet a further aspect of the invention, the hydrophobically- 
modified RPM is preferably the reaction product of a hydrophilic polymer and a 
hydrophobic compound that are capable of reacting with each other, as described above, 
but wherein the hydrophilic polymer and hydrophobic compound are mixed in-situ 
during the well stimulation process. 

[0047] Preferably, the hydrophilic polymer comprises from about 0.1% to about 
2% by weight of the aqueous solution and the hydrophobic compound comprises from 
about 0.01% to about 1% by weight of the aqueous solution. More preferably, the 
hydrophilic polymer comprises from about 0.2% to about 1.5% by weight and the 
hydrophobic compound comprises from about 0.02% to about 0.5% by weight. 

[0048] Due to the insolubility of hydrophobic compounds in aqueous solutions, 
the current invention preferably includes a surfactant selected for its ability to promote 
the dissolution of the hydrophobic compound in the aqueous solution. In general, the 
surfactants can be anionic, cationic, amphoteric, or neutral. Thus, surfactants suitable for 
use in the current invention include, but are not limited to, alkyl ammonium surfactants, 
betaines, alkyl ether sulfates, alkyl ether sulfonates, and ethoxylated alcohols. 
Particularly preferred surfactants include alkyl ether sulfonates. Typically, the surfactant 
will be present within the aqueous solution in amounts ranging from about 0.1 % to about 
2 % by weight. 
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[0049] In this aspect, the reaction preferably occurs in situ and is facilitated by 
use of a pH adjusting agent capable of providing a pH of about 8 or higher to the aqueous 
solution containing the hydrophilic polymer and hydrophobic compound. Preferred pH 
adjusting agents include buffers, alkali metal hydroxides, alkali metal carbonates, alkali 
metal phosphates and other similar compounds known to those skilled in the art. 

[0050] Thus, a preferred aqueous solution for reducing the water permeability of 
a subterranean formation comprises a hydrophilic polymer such as poly- 
dimethylaminoethylmethacrylate, a hydrophobic compound such as cetyl bromide, and a 
surfactant selected to promote the dissolution of the cetyl bromide in the aqueous 
solution. The concentration of poly-dimethylaminoethylmethacrylate in the solution may 
range from about 0.1 to about 2 percent by weight. Preferably, the poly- 
dimethylaminoethylmethacrylate comprises about 0.2 % by weight. The concentration of 
cetyl bromide may range from about 0.01% to about 1% by weight. The preferred 
concentration of cetyl bromide is about 0.1% by weight. The preferred surfactant for use 
with cetyl bromide is an alkyl ether sulfonate and the concentration of the alkyl ether 
sulfonate may range from about 0.01% to about 1% by weight. 

[0051] Depending on wellbore and formation conditions, a shut-in period of one 
minute to several hours may be required to permit the in situ reaction of the hydrophilic 
polymer and the hydrophobic compound. Typically, the length of the borehole and the 
downhole temperature will determine the length of any shut-in period. For example, a 
deep borehole with temperatures in the range of about 93° C (200° F) or greater may not 
require a shut-in period. In general, shallow, cooler formations will require longer shut- 
in periods possibly extending up to 24 hours. Those skilled in the art will be able to 
readily determine the necessity for and the time period of any shut-in periods. During the 
shut-in period or the transport time downhole, the hydrophilic polymer and the 
hydrophobic compound react forming the hydrophobically-modified RPM capable of 
adhering to the formation matrix. The resulting polymer, i.e. the hydrophobically- 
modified RPM, inhibits water transport through the formation without substantially 
interfering with hydrocarbon production. 
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[0052] According to yet another further aspect of the invention, the 
hydrophobically-modified RPM polymer is preferably prepared from the polymerization 
reaction of hydrophilic monomers and hydrophobically-modified hydrophilic monomers. 

[0053] Examples of particularly suitable hydrophilic monomers that can be 
utilized include, but are not limited to, acrylamide, 2-acrylamido-2-methyl propane 
sulfonic acid, N,N-dimethylacrylamide, vinyl pyrrolidone, dimethylaminoethyl 
methacrylate, acrylic acid, dimethylaminopropylmethacrylamide, vinyl amine, vinyl 
acetate, trimethylammoniumethyl methacrylate chloride, methacrylamide and 
hydroxyethyl acrylate. Of these, acrylamide, 2-acrylamido-2-methyl propane sulfonic 
acid, acrylic acid, dimethylaminoethyl methacrylate, dimethylaminopropyl 
methacrylamide and vinyl pyrrolidone are preferred. 

[0054] Examples of particularly suitable hydrophobically-modified hydrophilic 
monomers that can be utilized include, but are not limited to, alkyl acrylates, alkyl 
methacrylates, alkyl acrylamides and alkyl methacrylamides wherein the alkyl radicals 
have from about 4 to about 22 carbon atoms, alkyl dimethylammoniumethyl methacrylate 
bromide, alkyl dimethylammoniumethyl methacrylate chloride and alkyl 
dimethylammoniumethyl methacrylate iodide wherein the alkyl radicals have from about 
4 to about 22 carbon atoms and alkyl dimethylammoniumpropyl methacrylamide 
bromide, alkyl dimethylammonium propylmethacrylamide chloride and alkyl 
dimethylammoniumpropyl methacrylamide iodide wherein the alkyl groups have from 
about 4 to about 22 carbon atoms. Of these, octadecyldimethylammoniumethyl 
methacrylate bromide, hexadecyldimethylammoniumethyl methacrylate bromide, 
hexadecyldimethylammoniumpropyl methacrylamide bromide, 2-ethylhexyl 
methacrylate and hexadecyl methacrylamide are preferred. 

[0055] Polymers that are useful in accordance with the present invention can be 
prepared by polymerizing any one or more of the hydrophilic monomers with any one or 
more of the hydrophobically-modified hydrophilic monomers. Methods for preparing 
such polymers are known to those skilled in the art as represented by U.S. Patent No. 
6,476,169, which is incorporated herein by reference. 

[0056] Accordingly, suitable polymers have estimated molecular weights in the 
range of from about 250,000 to about 3,000,000 and have mole ratios of the hydrophilic 
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monomer(s) to the hydrophobically-modified hydrophilic monomer(s) in the range of 
from about 99.98:0.02 to about 90:10. Particularly suitable polymers having molecular 
weights and mole ratios in the ranges set forth above include, but are not limited to, 
acrylamide/octadecyldimethylammoniumethyl methacrylate bromide copolymer, 
dimethylaminoethylmethacrylate/hexadecyldimethylammoniumethylmethacrylate 

bromide copolymer, dimethylaminoethyl methacrylate/vinyl 

pyrrolidone/hexadecyldimethylammoniumethyl methacrylate bromide terpolymer and 
acrylamide/2-acrylamido-2-methyl propane sulfonic acid/2-ethylhexyl methacrylate 
terpolymer. Of these, a dimethylaminoethyl 

methacrylate/hexadecyldimethylammoniumethyl methacrylate bromide copolymer 
having a mole ratio of hydrophilic monomer to hydrophobically-modified hydrophilic 
monomer of 95:5 is a preferred pre-reacted hydrophobically-modified RPM. 

[0057] Again, following preparation of the hydrophobically-modified RPM, the 
hydrophobically-modified RPM is dissolved in water to form an aqueous solution, 
preferably in a sufficient quantity to yield a solution having from about 0.05% to about 
1% by weight. Water suitable for use in this embodiment of the current invention is 
defined above. 

[0058] A well treatment solution comprising the pre-reacted hydrophobically- 
modified RPM can be adjusted to a pH more suited to the environment of the formation. 
Typically, the pH of the well treatment solution comprising the pre-reacted 
hydrophobically-modified RPM will be between about 4 and about 8, unless mixed with 
an acidizing treatment fluid. 

[0059] The aqueous solutions of the present invention may also contain other 
well treatment compounds such as but not necessarily limited to clay stabilizers, scale 
inhibitors, and corrosion inhibitors. For example, the aqueous solution may also contain 
salts suitable for inhibiting the swelling of clays. 

[0060] Additionally, gelling agents, such as the galactomannan gelling agents 
described below may be used, preferably in amounts ranging from about 0.06% to about 
0.72% by weight. Preferably, the concentration of the galactomannan gelling agent will 
be in the range of about 0.12% to about 0.36% by weight with the most preferred 
concentration being about 0.30% by weight. 
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[0061] Further, the solution may optionally contain any suitable proppant lour 

to those skilled in the art. 

[0062] In order to more completely describe the invention, the following non- 
limiting examples of forming a hydrophobically-modified RPM are given. 

EXAMPLE 1 



[0063] In this example, a homopolymer of DMAEMA is prepared as follows. 
To a 3 L round bottom flask is added 1,968 grams of water, and this is sparged with 
nitrogen for 1.5 hours. Next is added 105 grams of DMAEMA, 25.8 grams concentrated 
sulfuric acid (to achieve a pH of about 7.9), and 0.46 grams 2,2'-azobis (2- 
amidinopropane) dihydrochloride. The mixture is then heated to 1 10°F under a nitrogen 
atomosphere, while stirring, and held for 18 hours to produce a highly viscous polymer 
solution. 

[0064] The quaternized polymer is produced as follows: To a 250 mL round 
bottom flask is added 71.0 grams of the DMAEMA homopolymer, as described above, 
followed by 4.0 grams 15% NaOH (to achieve a pH of about 8.9). Next is added 54.6 
grams water, 0.36 grams hexadecyl bromide, and 0.39 grams 
benzylcetyldimethylammonium bromide. This mixture is then heated to 140°F, while 
stirring, for 24 hours. 
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EXAMPLE 2 



[0065] To prepare a quaternized DMAEMA monomer, to a 1 00 mL round 
bottom flask is added 16.7 grams of DMAEMA and 16.2 grams of hexadecyl bromide. 
The mixture is heated to 1 10°F and stirred for 24 hours. The mixture is then poured into 
1 liter of petroleum ether, resulting in precipitation of the quaternized monomer. The 
monomer is collected on a Buchner funnel, washed with excess petroleum ether, 
collected, and dried in a vacuum dessicator. 

[0066] To prepare a polymer of DMAEMA and quaternized DMAEMA, to a 250 
ml round bottom flask, add the following: 3.8 grams of DMAEMA, 0.7 grams of the 
quaternized monomer described above, 84.5 grams water, and 1.2 grams concentrated 
sulfuric acid (achieving a pH of about 7.1). This solution is then sparged with nitrogen 
for 30 minutes, followed by the addition of 0.035 grams 2,2'-azobis (2-amidinopropane) 
dihydrochloride. The resulting solution is then heated under a nitrogen atmosphere, with 
stirring, to 1 1 0°F and held for 1 8 hours to produce a highly viscous polymer solution. 



[0067] The resulting hydrophobically-modified RPM polymeric material is 
dissolved in an aqueous fluid. Any type of water can be used provided any suspended 
solids, anions and/or cations in the water do not interfere with the relative permeability 
modifying abilities of the polymeric material. The water used for the well treatment fluid 
can be of any convenient source, including fresh water, seawater, natural brine, 
formulated brine, 2% KC1 solution, and any mixtures in any proportion thereof. The 
preferred water for the well treatment fluid is 2% KC1. The polymeric material can also 
be dissolved in an aqueous salt solution. Representative soluble salts are the chloride, 
bromide, acetate and formate salts of potassium, sodium, calcium, magnesium, and zinc. 

[0068] The polymeric material is present in the treatment fluid in an effective 
amount to preferentially reduce the permeability of water relative to hydrocarbon through 
the formation. Although it can be lower or higher, this concentration is expected to 
typically be in the range of about 0.5 wt% to about 1 wt%. 
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[0069] The aqueous solutions of the present invention may also contain other 
well treatment compounds such as but not necessarily limited to clay stabilizers, scale 
inhibitors, and corrosion inhibitors. 

[0070] Additionally, gelling agents, may be used. The galactomannan gelling 
agents suitable for use in accordance with the present invention are the naturally 
occurring gums and their derivatives such as guar, locust bean, tara, honey locust, 
tamarind, karaya, tragacanth, carrageenan, and the like. These gums are generally 
characterized as containing a linear backbone having various amounts of galactose units 
attached thereto. The gums can also be characterized as having one or more functional 
groups such as cis-hydroxyl, hydroxyl, carboxyl, sulfate, sulfonate, amino, or amide. 
Preferred galactomannan gelling agents suitable for use in the current invention include 
one or more gelling agents selected from the group of guar, hydroxyethylguar, 
hydroxypropylguar, carboxymethylguar, carboxymethylhydroxyethylguar, and 
carboxymethylhydroxypropylguar. Of these, guar is the most preferred. 

[0071] When it is desired to gel the aqueous solution, one or more of the above- 
mentioned glactomannan gelling agents are dissolved in water, the gelling agents are 
hydrated, and a viscous aqueous gel is formed. When used, the galactomannan gelling 
agent or agents are dissolved in the aqueous solution in an amount in the range of from 
about 0.06% to about 0.72% by weight, more preferably in an amount in the range of 
from about 0.12% to about 0.36%, most preferably about 0.30%. Additionally, the 
solution may optionally contain any suitable proppant known to those skilled in the art. 

[0072] It is understood with benefit of the present invention that other additives 
for use in stimulation and well treatments can be employed in the practice of the 
disclosed method if so desired. For example, thickeners, diversion agents, pH buffers, 
etc. can be used. Also, internal diverting materials can be used if desired. One example 
of a suitable diverting agent includes, but is not limited to, viscous water external 
emulsions. 

[0073] It should be understood by those skilled in the art that the treatment fluid 
can be used together with stimulation treatments, ahead of stimulation treatments, or after 
stimulation treatments. For example, in the case of an acid matrix treatment, the 
disclosed treatment fluid can be included ahead of the aqueous acid treatment, in the 
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aqueous acid treatment (or both), and are typically introduced at a rate below the flow 
rate necessary to fracture the formation in a manner similar to the rate employed for a 
water control treatment fluid injection alone. Whether employed as a stand-alone fluid or 
in a stimulation fluid (such as an acid fluid or hydraulic fracture fluid), similar 
concentrations of the polymer compositions are typically employed. 

[0074] According to the preferred methods of the present invention, an aqueous 
solution of a pre-reacted hydrophobically-modified RPM or an aqueous solution of a 
hydrophilic polymer and a hydrophobic compound is preferably introduced into the 
formation prior to an acidizing treatment. 

[0075] Without being limited by theoretical explanation, it is believed that the 
hydrophobically-modified RPM preferentially reduces the permeability of the treated 
zone to water, which retards migration of an aqueous fluid into the treated section. The 
charged portion of the resulting compound promotes attachment of the compound to the 
porosities of the subterranean formation. As a result, the permeability of the treated 
portion of the formation to water is reduced or eliminated while the permeability of the 
formation to hydrocarbons is substantially unchanged. 

[0076] The acidizing treatment fluid is then allowed to permeate and stimulate 
the hydrocarbon-bearing section. The acidizing treatment fluid is at least partially 
diverted from the water-bearing section to the hydrocarbon-bearing section. It is believed 
that the polymeric material has physical and/or chemical properties that help reduce the 
permeability of water through the water-bearing section, thereby reducing aqueous acid 
flow into the water-bearing section. 

[0077] Advantageously, the disclosed polymeric material is relatively non- 
damaging to hydrocarbon permeability through the hydrocarbon-bearing section, while 
able to decrease the permeability of water through the water-bearing section without the 
use of mechanical zonal isolation. However, it should be understood by those skilled in 
the art that mechanical methods used to isolate the water-bearing section and 
hydrocarbon-bearing section can be used in conjunction with the present invention. 

[0078] The methods of the present invention can be implemented in both matrix- 
acidizing as well as acid fracturing processes. The effectiveness of matrix and fracture 
acidizing treatments is often dictated by the ability to divert the acid into the areas where 
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it can be most beneficial in opening up the porous medium to the production of 
hydrocarbon. The following are some non-limiting known methods of acidizing a 
hydrocarbon bearing formation for use in the present invention: U.S. Pat. No. 3,215,199 
to R. E. Dilgren; U.S. Pat. No. 3,297,090 to R. E. Dilgren; U.S. Pat. No. 3,307,630 to R. 
E. Dilgren et al.; U.S. Pat. No. 2,863,832 to R. L. Perrine; U.S. Pat. No. 2,910,436 to I. 
Fatt et al.; U.S. Pat. No. 3,251,415 to C. C. Bombardieri; U.S. Pat. No. 3,441,085 to J. L. 
Gidley; U.S. Pat. No. 3,451,818 to J. L. Gidley et al., which are hereby incorporated by 
reference. These methods as well as other acidizing treatment methods can be modified 
to incorporate the separate step of introducing an aqueous treatment fluid containing the 
polymeric material of the present invention. The treatment steps composed of the 
polymeric material and the acidizing treatment fluid can be repeated as necessary or 
desired. 

[0079] When used in conjunction with a hydraulic fracture treatment, fluid 
introduction rates (whether utilized as a spearhead, in the fracture treatment, or both) are 
typically above rates that cause pressures to exceed those necessary to fracture a 
formation. Thus, the pressure used to inject the aqueous solution of the present invention 
can be, but need not be high enough to create a fracture in the zone, depending on 
whether the acid fracturing method or the matrix acidizing method is employed. The 
volume of the aqueous solution introduced in the well is based on several properties of 
the zone to be treated, such as depth and volume of the zone, as well as the permeability 
and other physical properties of the material in the zone. 

[0080] When necessary, the process of the present invention can be preceded by 
an optional pretreatment step (preflush) in order to clean the formation to be treated and 
obtain more effective interaction of the polymeric material with the formation surface. 
Without being limited by theory, it is believed that the interaction of the polymeric 
material with the formation surface is dependent upon the presence of any existing 
adsorbed species, whether these be surface impurities, paraffin, asphaltenes, etc. Thus, a 
pretreatment step may be necessary for a given formation to be treated. The pretreatment 
step could include a mutual solvent with the disclosed polymers to form a well treatment 
fluid. Mutual solvents, among other things, can act to remove hydrocarbon adhering to 
formation material. In this regard, any mutual solvent suitable for solubilizing 
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hydrocarbon can be employed including, but not limited to, terpenes (such as limonene), 
C3 to C9 alcohols, glycol-ether (such as ethylene glycol monobutyl ether, "EGMBE"), or 
mixtures thereof. 

[0081] The pretreatment can be an aqueous solution that contains a surface-active 
agent. The pretreatment can also be an aqueous fluid that contains a chemical that 
interacts with the formation surface within the porous medium and facilitates penetration 
of the polymeric material further into the hydrocarbon-bearing section as in U.S. Pat. No. 
6,364,016, incorporated herein by reference. 

[0082] Additionally, a shut-in step can follow the step of introducing the 
polymeric material in order to allow time for the polymeric material to effectively 
interact with the formation surface. 

[0083] There are numerous advantages to the use of polymeric material in 
conjunction with the acidizing treatment fluid. In particular, the methods of the present 
invention are considerably less expensive than other techniques such as blocking the flow 
of water with cross-linked polymers and zonal isolation techniques. The present 
invention provides an improved method to acidize a subterranean formation that reduces 
preferential stimulation of the water-bearing sections, thereby increasing stimulation in 
sections capable of producing hydrocarbon. 

[0084] In order to more completely describe the invention, the following non- 
limiting examples are given: 

EXAMPLE 3 



[0085] This example illustrates how the polymeric material of the present 
invention can affect the permeability of the water in sandstone lithology. Darcy's Linear 
Flow Equation was used to determine the permeability of the porous media. Parameters 
for the permeability measurements include: core dimensions of about 6 inches in length 
by 1-inch diameter (having a cross sectional area of about 5.07 square centimeters); brine 
viscosity of about 1 centipoise; a differential pressure across the core of about 22 
atmospheres; and a temperature of 175°F. In this example, the following abbreviations 
were used: Water Core = Brown Sandstone; Oil Core = Berea Sandstone; water = API 
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Brine of 9% NaCl and 1% CaCb; oil = kerosene; RPM polymeric material = 2000 ppm 
of hydrophobically-modified polydimethylaminoethyl methacrylate in 2% KC1 Water; 
Spacer Water = 5% NH4C1; Acid = 5% HC1; Overflush Water = 5% NBUCl; Kwro = 
Permeability to water at residual oil; Korw = Permeability to oil at residual water. The 
effective permeability of each of the cores was determined individually before and after 
the treat sequence using the parallel flow system Figure 1. The water core flow sequence 
was water-oil-water. The oil core flow sequence was water-oil-water-oil. 

[0086] Figure 2 illustrates a control test showing the effect of 5% HC1 acid 
treatment on sandstone water core (residual oil) and sandstone oil core (residual water). 
Note approximate 200% increase in permeability for both cores. The treatment sequence 
was in parallel flow using the setup shown in Figure 1. Treatment sequence was spacer- 
acid-spacer. 

[0087] Figure 3 illustrates the effect of hydrophobically-modified RPM ahead of 
200 cc acid stimulation of sandstone cores. Hydrophobically-modified RPM diverted 
most of the acid away from the water core and into the oil core. Permeability of the 
water core was reduced to 3.5% of original while permeabilty of the oil core was 
increased same amount as the control (See Figure 2). The treatment sequence was in 
parallel flow using the setup shown in Figure 1 . Treatment sequence was RPM-spacer- 
acid-spacer. 

[0088] The first column pair in Figure 3 illustrates the initial stabilization of the 
water core and the oil core. The permeability to water at residual oil is 623 md. The 
permeability to oil at residual water is 340 md. The next column pair in Figure 3 
compares the volume of the acid which passed through the water core and the oil core 
where a hydrophobically-modified RPM preflush was used ahead of the acid; according 
to the principles of the present invention. The third column pair in Figure 3 shows the 
final permeability of the water and oil cores after the hydrophobically-modified 
RPM/ Acid sequence. Finally, the fourth column pair in Figure 3 shows the percent 
effective water permeability following the treatment. Note that the impact of the acid 
treatment on the oil core is similar to that shown in the control test (see Figure 2) (220% 
increase in permeability to oil), whereas the net result on the water core (which was a 
higher permeability core) was a reduction of 96.5% to the effective permeability to water. 
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EXAMPLE 4 



[0089] The following example illustrates how the polymeric material of the 
present invention can affect the permeability of the water in Bedford Limestone 
lithology, using flow cell temperatures at 175°F with a system pressure of 200 psi. The 
Bedford Limestone used in the present example is of 99% calcite and a trace amount of 
quartz. The "Bullhead" Placement Technique (Parallel Core Flow shown in Figure 1) 
was used to acquire the data of the present example, the steps of which will now be 
described in detail. The flow testing was performed as described using the sandstone 
cores in Example 3. The results are summarized in Table 1 . 
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Table 1 

Summary of hydrophobically-modified DMAEMA treatment fluid via "Bullhead" Placement 

Technique 



Parameter 



Water Core: 
Bedford Limestone 



Oil Core: 
Bedford Limestone 



Length (cm) 
Diameter (cm) 

Kwro 1 Before Treatment/Acid 
Kwn^Before Treatment/Acid 
Treatment fluid Vol. 3 (ml) 
Over displacement Vol. 4 (ml) 
Volume 5% HCI 5 (ml) 
Volume Acid Overflush 6 (ml) 
Kwro 1 After Treatment Acid 
Korw 2 After Treatment Acid 
% Retention to Kwro 
% Increase to K^™ 



14.27 
2.52 
9.8 
NA 
2.4 
7 

25 
NA 
NA 
NA 
NA 
NA 



14.04 
2.52 
NA 

28.3 
19.2 
2.3 
175 
NA 
NA 
NA 
NA 
NA 



1 K wro = Effective permeability to water (API Brine) at residual oil saturation (mD). 

2 Korw = Effective permeability to oil (kerosene) at residual water saturation (mD). 
Volume of 2000 ppm hydrophobically-modified DMAEMA treatment fluid (ml) that passed 
through designated core during "bullhead" placement technique. 

Volume of 5.2 ml of 5% NH 4 C1 overflush (ml) that passed through designated core immediately 

behind hydrophobically-modified DMAEMA treatment. 

Volume of 200 ml of 5% HCI (ml) that passed through designated core 

6 Annulus pressure loss on oil core due to extreme "wormhole" created by acid halted testing. 

NA = Not Applicable. 

[0090] In the water core, the effective permeability to water (API Brine) at residual 
oil saturation is 9.8. In the oil core, the effective permeability to oil at residual water 
saturation is 28.3. The volume of 2,000 ppm hydrophobically-modified DMAEMA 
treatment fluid (ml) that passed through the water core was 2.4 ml, whereas 19.2 ml had 
passed through the oil core. It is believed this difference is due to the relative 
permeabilities of the hydrophobically-modified DMAEMA treatment fluid through the 
oil core versus the water core. 

[0091] As a result of the treatment fluid, the subsequently added acidizing 
treatment fluid was primarily directed to the oil core. Specifically, 175 ml of the 200 ml 
of the 5% HCI acid treatment was directed to the oil core, whereas only 25 ml of the 200 
ml of the acid treatment entered the water core. Thus, this example illustrates acid 
treatment diversion is possible in Bedford Limestone subterranean formations. 
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[0092] As illustrated in Table 1, several parameters from those listed above 
(annotated by NA) could not be measured due to the high solubility of the Bedford 
Limestone in acidic solution. 



[0093] The invention is described with respect to presently preferred aspects and 
embodiments, but is not intended to be limited to the described embodiments. It will be 
readily apparent to those of ordinary skill in the art that numerous modifications may be 
made to the invention without departing from the scope and spirit of the invention as 
defined by the claims. 
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